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Abstract.

A Global mountain wave paramcterization for prediction
of wave related displacements and turbulence is described.
The parameterization is used with input fromm NMC analy-
ses of wind and temperature to examine small-scale distur-
bances encountered by the NASA high-altitude ER-2 dur-
ing the Sccond Airborne Arctic Stratosphere Fxperiment
(AASE 11). The magnitude and location of observed large
wave events are well reproduced. A strong corrclation is
suggested between patchies of moderate turbulence encoun-
tered by the ER-2 and locations where breaking mountain
waves are predicted by the paramneterization. These facts
suggest that useful forecasts of global mountain wave activ-
ity, including wave related CA'lY, can be made quickly and
inexpensively using our mountain wave paramneterization
with input fromn current numerical forecast models.

1. Introduction

The conmection of stratospheric turbulence to mountain
wave activity has long, been recoguized ef. Fhernbergen
(1987). However, the complexities of mountain flows have
prevented the development of useful forecasting tools for
usc on a global scale. Part of the difficulty lies i the com-



plicated nature of topographic forcing. Real topography
posscsses a rich spatial spectrum which like that of many
natural phenomena obeys a power-law [Mark and Aron-
son, 1984]. However, the topographic spectrum is not in
gcneral isotropic [Steyn and Ayotte, 1985]. In other words
there are directional diflerences (anisotropy) in the magni-
tude and scale of topographic variance. This anisotropy is
clearly evident in the fact that much of Farth’s topography
is organized into relatively long, narrow ridges. The orien-
tation of these ridges is an immportant variable in determin-
ing the wave response of the atmosphere to topography.
This study will describe improvemnents to a mountain
wave paramcterization scheme introduced in Bacmelster
(1992] which allow reliable forecasts of mountain wave am-
plitudes in the upper- troposphere and lower stratosphere
to be made based on standard meteorological products
from operational forecasting models such as the NMC 1126
MRI' model.  The basis for these mountain wave fore-
casts is a global, computer-generated list of prominent to-
pographic ridges containing paramecters such as lat, lon,
oricntation, approximate altitude and approximate width
for cach ridge. The algorithm used to construct this data
sct is described in Scetion 2a of this study. Mountain wave
quantities are calculated using the WKRB approximation
with wave amplitudes limited to saturation values as done
in carlier parameterizations e.g. Maclarlane [1987]. This
calculation is described in detail in Section 2b. In Section
3 predicted wave amplitudes and turbulence intensities are
compared with observations of wind and temperature col-

lected by NASA ER-2 s during AASE 11
2. Description of Mountain Wave Paramcterization

The theoretical basis for the parameterization used 1
this study is the same as that in [Bacmeister, 1992]. How-
ever, significant iimprovements have been made to the de-
scription of topographic forcing used in the present param-
cterization. The study of [Bacineister, 1992] exarmined the
effects of topographic anisotropy (1idginess) on estimates
of mountain wave drag in the middle atmosphere. The to
pographic forcing in this study was based on a box-hy-box
analysis of topographic features with scales of between 50
and 100k in a gridbox of size 2500250km?. Only one ridge
was assumned to exist within cach gridbox and no attempt
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was made to segregate features by width or to identify
features with scales sinaller than 50km. While this ap-
proach may have been adequate for an initial assessment
of anisotropic eflects and comparison with other coarse-
grained gravily wave parameterizations, a more detailed
model was needed for operational forecasting of flight con-
ditions in the stratosphere and for subsequent comparison
with airplanc observations.

The ‘ridge-finding’ algorithin described below  diflers
from that in [Bacmeister, 1992] in several respects.

a. "Ridge-Finding” Algorithm

Topographic data was obtained from a global data sct
compiled by NCAR containing mean elevations within
5'x5’ rectangles. This data was used to produce a global
list of ridges containing the location, orientation, and ap-
proximate height and width of cach 1idge. The analysis of
the topographic data consisted of 8 basic steps

1- interpolation to grid with equal spacing (in km) in
zonal and meridional directions.

2- band pass filtering,.

3- normalization by local mean variance.

4- elimination of variance below chosen threshhold
value.

9- comparison at cach point with idealized ridglets at
36 different orientations.

6- sclection of ‘good’ matches.
T- estitnate of actual terrain elevation.
8- rcconstruction of topography.
Iach step is described in detail below.
Step 1)

Interpolation is performed to remove distortions aris-
ing from the Farth’s sphericity.  This is accomplished



in a crude way by performing the calculation along 10°
latitude strips in which the raw 5x5’ topographic data
was interpolated onto a grid with equal spacing in ki in
both directions. Thus, in the case of a 10° strip centered
at 60° the raw 4320x120 data array is interpolated onto
a 2160x120 array before further processing. In general,
the raw 4320x120 strips at latitude 0 are interpolated to
INT (sin(0)4320)x120 arrays, where I N7'(z) refers to the
largest integer smaller than z. The strip centers are spaced
5° apart in latitude.

Step 2)

Band pass filtering is accomplished by subtracting the
results of two diflerent square boxcar filters applied to the
interpolated topographic data. This step controls the scale
of feature identified by the subsequent steps in the algo-
rithin. The set of ridges used in this study was determined
from four different band-passed tiltered topographic data
sets. The high-pass, Ly, and low-pass, Ly, linits for each
of these are listed in Table 1. The result of this opera-
tion will be referred to as the topographic deviation and
denoted - devg,,..

Step 3)

Next, a running mean of the absolute value of the band-
pass filtered topography is determined. This is done with
a square boxcar filter of size 101y,. The band-pass filtered
topography, Devg,.,, from step 2 is then divided by this
quantity at cach point to give a ‘normalized’ topographic
deviation at each point.

Step 4)

The normalized topographic deviation from step 3 1s ex-
amined at each point. Values greater than or equal to than
a threshhold value of - 1.25 are replaced with 1.00 aud val-
ues less than this threshhold are replaced with 0. The
result of this operation will be referred to as the ‘skeleton’
topography and denoted Skely,.. The exact value of the
threshhold does not appear to have major immpact on the
rest of processing as long as it 1s between 1.00 and 2.00. 1f
a much higher value is chosen the algorithim becomes too
discriminating, choosing only the highest isolated peaks in
any region. If a threshhold value lower than 1.00 is chosen,
the separation between major and minor terrain features
is lost. Subsequent processing is more time consuming and
appcars to be less accurate since spurious ‘ridges’ may be



introduced connecting major and minor features. The se-
lection of the ‘best’ threshhold was accomplished by trial
and error.

Step b)

The skeleton topography, Skeliop., is then compared with
36 idealized ‘ridglets’ (a4, ¥;, 70, Yo, 15 Loap )n= 1,36 at cach
point (zo,yo) in the Skelyy,, array. The ridglet functions
R are defined to have a value of 1.00 within an Ly, x 3L,
rectangle about a central point (2g,y0) and a value of 0
for all (ay,y;) outside of the rectangle. 36 different trial
orientations differing by 5° are used at each point. The
comparison of the idealized ridglets with Skelyo. at (2o, ¥o)
is accomplished by calculating the sumn
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for cach orientation 1, where () refers to the deviation

of the gquantity fromn a rununing mean over a 314, x 3L,

square.

Step 6)

The sums f(zo, yo, ) in step 5 can vary from -1 to - 1.
Unfortunately, the ridge-functions R are not orthogonal.
However, the value of the sum f increases as the sim-
ilarity between the underlying topography and the trial
ridge-function increases. Thus, in order to determine the
orientation of the underlying terrain features at cach point
(20,10), the 36 swins f(zg,y0,n) are scarched for the ori-
entation index ng associated with the highest value of
f. Next, all points (zg,y0) in the topographic array arc
scarched for negative values of f(20,y0,70). These negative
values are discarded. This eliminates ‘trenches’ or canyons
from consideration. Pinally, each Ly, x Ly, square in the
topography array is examined separately for the highest
value of f contained within and only this value is kept.
This is done to eliminate as much redundancy as possible
in the list of ridges before further use.

Step 7)

Once a list of the location and orientation of possible
ridges is obtained an estimate of actual elevation changes
across cach ridge is made. The estimate is obtained from



the sum:
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The quantity « is simply the projection of the topo-
graphic deviation from step 2 onto the ridge-function
R'{xi, 95, 20, Yo, 1m0). The relationship of a to the actual
valley-to-peak ridge height depends on details of the ter-
rain shape. However, for a wide variety of real and idealized
ridge profiles a is between 1/3 and 1/4 of the actual ridge
height.

Step 8)

At this point in the processing each choice of band-pass
parameters Ly, and Ly, 1s associated with a hst of topo-
graphic features. Pach feature or ‘ridgelet’ is assigned
a position (xx,yx), an orientation ng, a ‘ridginess’ in-
dex f(@r, yr,11x) and a ridge-height paraineter a(a g, yi, 1)
where the subscript k denotes the k-th ridge in the hist. The
full list of ridges contains redundancy since the functions
R at different points may overlap. The basic strategy for
dealing with redundancy in the hst of ridges 1s as follows.
First, the list is ordered by the size of the height parame-
ter @ with the highest ridge coming first. Next, the ridges
are laid one-by-one, starting with the highest, onto a flat
surface at the appropriate location (24, yx). Fach ridglet is
represented simply by the expression

ridglety(ai,y;) = dalar, yi,e) R(2s, yiy @p, Yas 1ok g) (3)

If some of the arca covered by the latest ridge is already
covered by previous ridges, the newest ridge does not add
clevation to that arca. A ‘weight’ is determined from the
fraction of the new ridge which is not covered by previous,
higher ridges. 1f 25% of the new ridge is exposed aud 75%
is covered by higher ridges then the new ridge is assigned a
weight of 0.25 and so on. This is repeated until all ridglets
i the list have been placed on the surface. At the end of
this procedure, redundancies within a given list of ridges
have been accounted for by the fact that in any pair of
overlapping ridges at least one of the ridges will have weight
less than 1.0
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Clearly, redundancies within lists of ridglets of the same
width should be accounted for. However, the situation
across lists corresponding to different ridge widths 1s not
clear. A single point in the topographic array may be cov-
ered by several ridglets of different widths. In the following
study we have assumed that such redundaucy reflects true
topographic structure and may thus be ignored.

A straightforward approach iuvolving F'I1Vs of topo-
graphic elevation data was not used to construct the ridge
data sct for several reasons. First, a large number of modes
is required to obtain the samc accuracy in the estimate
of dominant ridge orientation. Thus, either a large sub-
array of topography must be used or, small subarrays of
topography must be interpolated onto a finer grid. Using a
large subdomain both increases the possibility of mulitiple
ridges in a given subarray as well as reducing the accuracy
with which individual features can be localized in physical
space. If small subarrays of topographic data are used ari-
tificial edges at the subarray boundaries must be dealt with
in some fashion. Second, in either case FI1'’s cannot ac-
curately represent the orientation features with relatively
sinall aspect ratios such as 3:1. However, such features may
still exhibit “ridge-like” behavior in a stratified flow Hines
(1983).

Results of the step-by-step processing described above
applied to the topography of Alaska and Northwestern
Canada are shown in Fig. 1. The results shown are for
band pass paramcters Ly, = 50km and Lj, = 128km.
The final result for this region including features from all 4
width ranges is shown in ¥Fig. 1d. Major topographic fea-
tures such as the Alaska Range and the Canadian Rockies
are clearly evident and accurately reproduced in the final
reconsiruction. Secondary features such as topography on
the Aleutian Islands and Queen Charlotte Islauds (132W),
53N) arc also captured. In Section 3 it will be shown that
such “secondary” topography, in this case the Laurentian
Mountains and Notre Dame Mountains of Southern Que-
bee, can produce noticeable turbulence at Stratospheric
altitudes.

b. Fstunate of Mountain Wave Activity

The list of topographic ridges developed in Sec.2a allows
global mountain wave activity to be estiinated on a ridge-
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by-ridge basis. Background wind and stratification near
each ridge are determined from NMC T126 MRV forecast
aud/or NMC CAC analysis fields. In the calculations dis-
cussed here we simply use data from the NMC gridpoint
nearest to each ridge center (g, yx). The estimate of wave
amplitudes is made essentially as in b92. First, the profile
of the wind component perpendicular to the “k-th” ridge
Uy .x(2) is calculated using the ridge orientation ny found
i Sec. 2a. We assumne that the waves launched by each
ridge are purely 2-dimensional with wave crests parallel to
the generating ridge at all levels. We also assuine the waves
are hydrostatic so that wave activity is generally localized
over the forcing topography. The average momentumn flux
profile over any ridge can be approximated in terms of the
wave vertical displacement profile:

2
i(z) ~ ﬂﬂ(z)Nk(z)lh;k(z)éﬁ'(f)’ (4)

where 6x(2) is the profile of wave-induced vertical displace-
ment above the “k-th” ridge, Ni(z) the profile of stratifica-
tion frequency above the ridge, and p(z) is the background
atmospheric density profile which we assuine is simply pro-
portional to pressure. The parameter @ is a dimensionless
factor which depends on ridge shape and I is horizontal
length representing the extent of the wave disturbance. As
will be seen below, these last two parameters drop out in
the calculation of the wave displacement profile.

We assume further that wave momentumn flux remains
constant with height until wave breaking occurs. This will
be the case for hydrostatic waves in a slowly varying (with
altitude) atimosphere. Our criterion for wave breaking is
based on siinulations of 2-dimensional flow over topography
which suggest that wave ainplitudes do not exceed the local
saturation limit given by

e

bsatik(2) = Usk(2)/Ni(z) (5)

Using (4) and (5) we can construct an approximate wave
displacement profile as follows: Given é,(z) at some anal-
ysis level we use (4) to make a provisional guess of the
displacement at the next level 8,7 (z 4+ Az) ;5 then, if the
provisional 6;"(z 4 Az) exceeds the saturation limit (5) it
is arbitrarily reduced to the saturation limit bhefore pro-



ceeding to the next level, 1. ¢

6k*(2 -+ Az) = 6k(2) - p(z)]\rk(z)ljy_} ;k(z)

6
p(z+ Az)Ni(z 4 A2)Ua(z4 Az) (6)

Su(z 4 Az) = MIN[67(2 4 A2),bgn(z 4+ A2)]  (7)

In order to complete the determination of 8x(z) the wave
displacement at the surface must be known. Yor the lower
boundary we use;

6x(20) = MIN [Aag, Uy x(z0)/Ni(z0)] (8)

where ay is the ridge height parameter defined in (2). The
lowest level zg used over a particular ridge depends on the
estimated height of a particular ridge above sca-level. The
total height of ridge ‘k’ is estimated as Hy + 4ax where Hy
is the 1ecan elevation in a 2.5° x 2.5° box containing the
center of ridge ‘k’. We attempt to use wind and stratifica-
tion near mountain top level in cach calculation, thus, the
closest analysis/forecast level to mountain-top level is used
as zo. Possible refinements of this algorithm which include
the possibility of turning by strong jets will be discussed
in Sec. 3.

Once profiles of wave induced vertical displacements
§x(z) over cach ridge arc obtained estimnates of other wave
quantitics can be made. Wave induced potential tempera-
ture perturbations are estiinated according to;

0,(z) = 6x(2)0.Onp1c (9)

where Opnase is the background potential temperature from
the NMC analysis/forecast.

c. Estimate of Wave-Induced Turbulence

The mechanisms which actually limit wave amplitudes
to the saturation limit (5) are still controversial.  How-
ever, it is likely that when wave amplitudes approach the
saturation limit at least some of the wave energy will go
into localized convective instabilities. This assertion is well
supported by both two-dimensional nuerical simulations



and linear wave theories. Thus, in the model described
here wave-induced turbulence is forecast whenever satura-
tion is invoked to limit wave amplitudes in (6) and (7).
Furthermore, we assume ad hoc that the intensity of the
turbulence in a layer is proportional to the amount of mo-
mentum flux lost by the wave within that layer, 1.¢;

]\’]’/'Turbulen('((z -+ AZ/Q) (O8 ¢)k(2‘) - (ﬂk(Z -+ AZ) (10)

whiere ¢x(2) is the momentum flux defined in (4) and
K Fyurbutence 18 a representative magnitude of the Kinetic
Fuergy in small scale (< 1000m) motions in a given layer.

At this stage values must be assigned to the parame-
ters @ and L in (4). We assume a & 1.5 based on two-
dimensional, numerical simulations as suggested in Pierre-
humbert [1987]. This value is based on experiments over
simooth symmetric obstacles, so its general applicability is
rightly questioned. However, quantitative estimnates for a
in flow over realistic obstacles are not available. We assume
the length scale I is of secondary importance in estimating
turbulence intensities in breaking waves. This is because
the production of turbulence along a section of a breaking
wave will depend on the total flux of wave momentum flux
from below rather than on instantaneous momentum flux
densities. The total momentumn flux in a hydrostatic wave
is independent of the obstacle width. For definiteness we
assign I a value of 50kin.

NOTE FOR AIR FORCE FORECASTERS:

“Furbulence Potential” maps produced by the model
sent to you in May simply show ¢x(2) — ¢(2 4 Az) above
cach ridge (calculated in module GET-WVTURB.PRO).
However, to be on the safe side the model looks at the mo-
mentum flux change 1 the layer above a given level AND
in the layer below. The larger value of the 2 is chosen as
the “Turbulence Potential” for a given level. So, for examn-
ple, to produce the T0mb map from the NMC forecast, the
model looks at the momentum flux change over each ridge
between 70mb and 50mb, and then at the change between
100imb and 70mb. The larger value for each ridge is then
rcturned. Also, although 1 can’t prove it with the data 1
have looked at upto now, 1 think low Richardson Number
based on Uyk(z) and Ni(z) could increase the chance of
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strong turbulence in a breaking wave (see Sec. 4a). So, Iin-
cluded the option of a Richardson Number enhancement in
the module GET_WVTURB.PRO. This just multiplies the
original “IT'urbulence Potential” by a factor 100/}: when-
ever the ridge perpendicular Richardson Number, Ri, goes
below 100. This is very crude but at least highlights break-
ing waves for which the environmental Richardson Number
1s low.

3. Modecl Verification

Three clear examples of encounters with mountain waves
in the stratosphere occurred during the AASEII campaign.
Two of these encounters were accompanied by pilot reports
of moderate turbulence. Yor the purpose of model veri-
fication, global mountain wave predictions will be made
below using NMC 18-level analyses of wind aud tempera-
ture for each day on which a mountain wave was encoun-
tered by the ER-2. The predictions of the model along
the FR-2 flight track will be compared with wind and and
potential temperature observations collected by on-board
instruments during each of the wave encounters. The wind
data used is from the Meteorological Measurement System
(MMS) which provides 3-components of wind, as well as
temperature and pressure at a frequency of 1Hz [Chan et
al., 1989]. Temnperature and potential temperature profiles
are derived from Microwave Temperature Profiler (MTP)
data. The MTP provides a temnperature profile composed
of 15 independent measurements extending approximately

3km above and below the aircraft [Gary, 1989]. A com- -

plete profile is obtained once every ¥seéconds. This can
be integrated vertically after suitable averaging to obtain
pressure and potential temperature profiles. The individ-
ual potential temperature profiles cau be joined along the
flight track to obtain a cross-section illustrating the verti-
cal displacements of potential temperature surfaces along
the flight path.

a. 10/14/91 Mountain wave obscrvation

On 10/14/91 the NASA ER-2 was ferried back to its
home base at Moffet' Field CA from the AASEI mission
site at lairbanks 'A,l,.] Fig. 2a shows the FR-2 flight track
from Fairbanks to Moflet Field as well as a map of tur-

/
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bulence potential for 10/14/91. The turbulence potential
map consists of gray shaded symbols representing ridges in
the list described in Sec. 2a. The color of each symbol de-
notes the possible intensity of wave induced turbulence over
each ridge at 70mb. This is determined by calculating the
differences; ¢(100mb) — ¢(70mb), and ¢(70mb) - ¢(50mb),
where ¢ is the wave momentum flux in (ms=!)*(kgm™2)
defined in Eq.(4). The larger of the two differences is then
scaled from 0 to 1 (ms™1)?(kgm™2). This produces a map
showing the largest predicted amount of momentum flux
deposited by mountain waves in the layers above and be-
low 70mb. As discussed in Sec. 2b momentum flux depo-
sition is assumed to be proportional to the local turbulent
scale kinetic energy. The size of each symbol shows the
approximate size of the ridge element generating each pre-
dicted wave disturbance. For hydrostatic waves generated
by ridges the wave encrgy is confined near the forcing, thus
the map gives an idea of where turbulence may expected.

On this flight the ¥R-2 flew through regions where rel-
atively high turbulence intensities were predicted. In fact,
the pilot reported moderate turbulence and rapid tem-
perature fluctuations over the coastal rauges of southern
Alaska. The MTP potential teinperature cross-section for
10/14/91 (Fig. 2b) confirins the existence of waves. Large
vertical displacements, ~ 500 1o7800m were recorded be-
tween 68000 and 71000 seconds Universal Time (UT) as
the plane crossed over the Alaska, Wrangell, and Chugach
Ranges in Southeastern Alaska. The vertical displacements
predicted by the global mountain wave model along the
flight track are also shown in Fig. 2b. The displacements
shown represent the prediction of the mountain wave pa-
ramcterization at aircraft altitude at each point along the
track. The zero line has been moved to 22.5 ki for dis-
play purposes. It should be kept in mind that the param-
eterization predicts only peak wave amplitude. No phase
information is included. Thus, the sign of displacements is
not predicted. In Fig. 2b all predicted displacements arc
arbitrarily assigned a positive sign. Nevertheless, Fig. 2b
shows that there is rough agreement between predictions
aud observations in both the amplitude and location of
large vertical displacemnents. The parameterization some-
what overpredicts the amplitude of the largest displace-
ments. However, the observed displacements may depend
sensitively on the exact position (to within 10km) of the
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plane relative to cach mountain wave. The current param-
eterization cannot resolve detailed structure within each
wave. Therefore, exact agreement between predictions and
observations cannot be expected.

To obtain an objective measure of the turbulence inten-
sities encountered by the ER-2 rapid fluctuations in MMS
vertical wind data were examined. Fig. 2¢ shows Variance
i & sec vertical velocity fluctuations averaged over a 100sec
window, i.e.;

<[w(i - Hsee) - w(t)]?>

for the 10/14/91 ferry flight. Variance far in excess of
background levels was observed between 68000 and 71000
UT as the ER-2 flew through the mountain waves over
SE Alaska. Fig. 2¢ also shows the predicted drop in wave
momentuin flux near aircraft altitude along the flight track;

100sec

Ad= ¢z ) - ¢lziy)

where 2, is the analysis level immediately below flight
level and z;y is the level immediately above. This differs
slightly from the definition of the “turbulence potential” for
VFig. 2a in that only the layer actually containing the air-
craft is considered. Units of A¢ arc also (1ns™1)?(kgm™?).
Yor display purposes, the zero line for A¢ in Fig. 2c¢ has
been moved to 2 on the y-axis The close agreement in peak
amplitudes of wind variance in (ms?)? and Aé is a for-
tuitous consequence of our choices for o and I, in (4) and
of the air density near 70mb. It should not be expected
to hold at other pressure levels. However, the close agree-
ment between the location of the predicted “turbulence”
and the location of the large values in vertical wind vari-
ance is meaningful and suggests that the turbulence en-
countered on this flight is indeed the result of breaking,
large-amplitude mountain waves.

b. 1/6/92 Mountain wave observation

On 1/6/92 the ER-2 flew NI from the AASE 11 mission
base at Bangor ME across the southern tip of Greenland
and back along the same track. Fig. 3a shows the BR-
2 flight track and turbulence potential map for 1/6/92.

Fig. 3]
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No potential for turbulence is predicted along the ER-2
track, although maps of predicted wave displacements (not
shown) have 500m to 1000m displacements over S. Green-
land. Pilot reports for this flight, list no turbulence or
“chop”. However, pressure altitude traces for this flight
show a brief period of rapid but smooth ascent and de-
scent over the tip of Greenland. This description is cou-
sistent with a large but non-turbulent mountain wave near
the southern tip of Greenland as predicted by the param-
eterization.

The MTP cross-section for this flight, in Fig. 3b, shows
moderate wave activity between 57000 and 62000 UT as
the ER-2 flew near Greenland. A large displacement, about
800m, occurs at around 58000 U'l' and again at 61000 U,
imimnediately above the southern tip of Greenland on both
the outbound and inbound legs of the flight. The predicted
displacements for this day, in Fig. 3b, also show large
values at this location. The amplitude of the predicted
displacement is roughly correct. However, the predicted
displacements occupy a smaller portion of the flight track
than observed.

Fig. 3c shows the tHe 5-second, vertical wind variance
for 1/6/92. Despite the absence of reported turbulence
on this flight in }ig. 3c, shows weak but significant en-
hancement of vertical wind variability between 57000 and
62000 UT. The origin of this enhanced variability is un-
clear. It appears to coincide with “waviness” in the MTP
section and may represent an enhaucement in background
variability over rough terrain [Nastrom and Fritts, 1992
or an enhancement due to the nearness of the polar vortex
edge [Mclntyre, 1989]. In any case we feel it is unlikely
that the increase in small-scale variability near Grecu-
land on this day was directly due to the breakdown of
large amplitude mountain waves. The lack of significant
wave induced turbulence at flight level despite the pre-
diction of large wave displacements near Greenland is a
conscquence of strong on-ridge (~ westerly) wind speeds
(~ 40ms™!) in this region. From kq.(5) this imnplies sat-
uration amplitude of nearly 2.0kin for mountain waves as-
suming N & 2.0 x 1072871 near FR-2 altitudes.

c. 3/18/92 Mountain wave observation
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On 3/18/92 the ER-2 flew north from Bangor ME to
Baffin Island and back. On the climb out of Bangor mod-
erate turbulence was reported by the Pilot as the plane
flew over the St. Lawrence River in SE Quebec. Fig.
4a shows the FER-2 flight track and turbulence potential
map for 3/18/92. The map of turbulence potential shows
relatively high values occurring on both sides of the St.
Lawrence River comc1d1ng well the Jocation of the reported
turbulence. Cih -

The MTY section f01 t}nq flight, in Fig. 4b, shows evi-
dence of ~ 300m-to 500 vertical displacements between
48000 and 49000 UT during the climb out of Bangor and
suggestions of another weak disturbance around 51000 U1,
There appears to be rough agreement between predicted
and observed displacements during climb out of Bangor.
On descent back into Bangor there are also suggestions
of vertical displacements around 73000 UT, however, the
rapid descent of the plane makes these hard to distinguish
in Fig. 4b. Displacements ~ 500m are also predicted at
51000 and 71000 UT. At 51000 UT there 1s some suggestion
of a vertically coherent perturbation in the MTP section.
However, its amphtudc/\lq far below the predicted value.
At 71000 UT, when the plane flew over the same topo-
graphic feature on the inbound leg of the mission, there is
no-readily discernible perturbation in the M'TP section.

The topographic features responsible for the overpre-
dicted displacements at 51000 and 71000 appear to be
Monts Otish (52° N, 70° W, alt. ~ 1000m ) as well as sev-
eral other hills in South Central Quebec, all with altitudes
of 900in to 1000m. For isolated, narrow features such as
these, the assumptions of high anisotropy “ridginess” and
hydrostatic balance may both fail. Thus, the algorithm
described in Eqgs.(4)-(8) may no longer be a valid approx-
imate description of wave behavior. Both, nonhydrostatic
effects and low “ridginess” will lead to horizontal dipser-
sion of wave energy. This will tend to lower wave amnpli-
tudes 1nmediately above the forcing topography to values
below those predicted by the model. Ou the other hand,
the feature responsible for the waves encountered over thc
St. Lawrcnce River appear to be the Laurentian and Notre
Dame mountains. These are somewhat broader and longer
topographic features than the isolated hills described ear-
lier. So that the assumptions made in Fgs.(4)-(8) about
wave behavior are more closely satisfied.
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Fig 4c shows observed 5-scc variability in vertical wind
and predicted A¢ for 3/18/92. There is large A¢ pre-
dicted near aircraft altitude between 48000 and 50000 uT
and again around 73000 UT as the ER-2 flew over the
S{. Lawrence River. The periods of large predicted Aé
correspond closely to periods of observed high variability
in vertical wind, which suggests that the turbulence en-
countered at these locations is due to the breakdown of
mountain waves forced by the Laurentian and Notre Damce
mountains. As was the case for the 10/14/91 flight there is
also rough agreement between the peak amplitudes of the
variance in (ms™1)? and that of Aé in (s~ 1) (kgm™?).
Although it is premature to draw conclusions from two
examples, these cases suggest a coincidental but possibly
useful proportionality between A¢ and 5-second vertical
wind variance close to 70mb level with a proportionality
constant close to 1 (kg™'m?).

The 3/18/92 mountain wave encounter is noteworthy be-
cause it suggests that even relatively minor topographic
features, such as the Laurentian and Notre Dame moun-
tains, may create significant turbulence in the lower strato-
sphere. This fact has implications for climate modelling as
well as for turbulence forecasting. Parameterizations of
mountain wave effects currently used in global forecasting
and climate models use gridbox averages of topographic
variance to estimate wave forcing. Even at the highest res-
olutions currently employed (~ 1° x 1°) this averaging will
underestimate the potential of secondary features such as
the Laurentian or Notre Dae ranges to exert signinficant
drag on the atmosphere.

4. Possible improvements to model

The mountain wave parameterization deseribed above re-
lies on a simplified description of mountain wave behavior
to predict wave ampiltudes above individual topographic
featurcs. An ad hoc assumption is made concerning the
production of turbulence by breaking mountain waves. o
some degree such simplifications are unavoidable in con-
structing a global mountain wave paramcterization using
inputs from current nunerical forccasting models. How-
ever, we feel improvements can be made in certain aspects
of the parameterization, in particular to the estimate of
turbulence production by wave breaking.
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a. Production of turbulence.

The parameterization currently assumes a simple linear
relationship between the momentum flux deposition in a
layer, A¢, and turbulence intensity. This ignores possible
interactions between the wave and the background wind. It
is likely that waves breaking in a strongly sheared flow will
produce stronger turbulence than those breaking in a uni-
form wind. Strong shears are generally thought to be rare
in the stratosphere. However, it appears that planetary
waves in the stratosphere can occasionally create relatively
strong vertical gradients in on-ridge winds over individual
ridges, as is illustrated in Fig 5. Fig. 5 shows NMC analy-
scs of geopotential height for 1/16/92 over eastern Asia at

206,100, and 50 mb. The geostrophic wind in this situation

weakened and changed direction considerably between 100
and 50mb, due to the presence of what appears to be a
synoptic wave with amplitude increasing as a function of
height. Thus, on-ridge winds decreased sharply with al-
titude between 100mb and 50mb for ridges in Korea and
Japan. This drop in on-ridge wind speeds is reflected in the
high turbulence potential due to wave breaking predicted
at 70mb for these regions (Fig. 53). Breaking mountain
waves in this situation may have had enhanced levels of
turbulence as a result of large shear in the background
flow. Prelimninary estimates of such an enhancement can
be made with high-resolution, two-dimensional, numnerical
models such as those employed in studies of downslope
windstorms [Peltier and Clark, 1979; Durran, 1986; and
Bacmeister and Pierrchumbert, 1988].

b. Downstream Advection of Turbulence.

Several incidences of light to moderate “chop™ over ocean
were reported by FR-2 pilots during AASEIL Several of
these occurred 100 to 500km downwind of arcas where
strong turbulence due to breaking mountain waves was
forecast by the parameterization. It is possible that advec-
tion of turbulent kinetic energy away from breaking waves
1s an important source of turbulence away from mountain-
ous terrain. Estimates of decay rates for turbulence in
stratified flow are available (refs). These can be combined
with turbulence production estimates fromn nonlinear sin-
ulations to give quantitative predictions for the downwind

Fig.
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extent and intensity of turbulent layers due produced by
7
breaking mountain waves.

c. Nonhydrostatic Dispersion.

The parameterization currently assumes hydrostatic be-
havior for all mountain waves. However, Nonhydrostatic
eflects may become important for the narrowest set of
ridges currently used (width ~ 25km ) in regions with
high wind. When hydrostatic balance is no longer satis-
fied, mountain wave energy begins to disperse downstreamn
of the generating obstacle as the wave propagates verti-
cally. This causes wave amplitudes to grow more slowly
with height than they would for a hydrostatic wave. How-
ever, nonhydrostatic wave perturbations also expand pro-
gressively further downstream of the forcing obstacle with
altitude. Thus, although nounhydrostatic waves may be
weakened their effects may be felt siginificantly further
downstream of the forcing obstacle than those of hydro-
static waves. In some cases high-winds can completely trap
or “turn” vertically propagating waves at soine level, cre-
ating the familiar lec-wave trains often observed downwind
of narrow ridges. These trains of waves are primarily tro-
pospheric phenomena. However, they usually signify that
some fraction of the mountain wave spectrumn from an ob-
stacle can not propagate past strong tropospheric winds
and will thus not contribute to stratospheric wave motion.
Simple corrections for nonhydrostatic eflects can be derived
theoretically and are easily implemented iu the existing pa-
rameterization.
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FIGURE CAPTIONS

Fig. 1. Processing of topography in Alaska and NW
Canada. a) Original 5'x5’ topography. “Lighting” is ac-
complished by subtracting elevation of a given point in the
topography array from elevation of nearest neighbor to the
northwest. This elevation change is then shaded with a
lincar gray scale where black represents -500m and white
represents +500m . b) “Skeleton” topography. c) Best
fit ridglets for widths ~ 55km. Ridgelets have been gray
shaded according to height parameter ax. d) Full recon-
struction of topography using 4 sets of ridgelets. Shading
is the same as in pancl a.

Fig. 2. a) Map of turbulence potential and ER-2 flight
track on 10/14/91. b) Potential Temperature as a function
of time and height observed from the ER-2 on 10/14/91.
Potential temperature Contours are drawn every 10K. Thin
line superimposed on contours shows KR-2 flight track.
Curve starting at 22.5km shows vertical displacements fore-
cast at FR-2 altitude along flight track. A bias of 22.5km
was added to displacements for display purposes. ¢) Lower
curve; Variance in 9 scc vertical velocity fluctuations aver-
aged over 100sec, i.e. ([w(t + 5sec) — w(t)]?) g0, @5 func-
tion of time on 10/14/91. Upper curve shows A¢ forecast
along ER-2 flight track.

Fig. 3 As in Fig. 2 except for 1/6/92
Fig. 4 As in Yig. 2 except for 3/18/92

Fig. 5 (a) NMC analyses of geopotential height at 100mb
(heavy solid lines), 50mb (dashed lines) over eastern Asia
on 1/16/92. A synoptic scale wave with amplitude in-
creasing as a function of altitude results in weak, almost
northerly flow over Korca and Japan at 50mb. This pro-
duces a strong, negative, vertical gradient in on-ridge wind
speed between 100mb and 50mb for several ridges in this
region. A map of turbulence potential at 70mb due to
breaking mountain waves is shown in (d). High turbulence
potential is predicted for ridges under the stratospheric
north-northwesterlies associated with the short planetary
wave.
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